Figure 1. Cortical-Subcortical Circuits Implicated in Tics and Stereotypies
Schematic diagram illustrating the organization of the striatum and cortical-subcortical circuits (adapted from Aosaki et al., 1995). Animal models indicate that the medium spiny projection (MSP) neurons of the striatum exist within two closely intertwined compartments-striosomes (S) and the matrix (M). These two compartments differ with respect to their cortical inputs, with the striosomal MSP neurons receiving limbic and prelimbic inputs and the MSP neurons in the matrix receiving from ipsilateral primary motor and sensory motor cortices and contralateral primary motor cortices. An imbalance in the functional activity of the MSP neurons within these two compartments has been implicated in stereotypies (Canales and Graybiel, 2000). Similarly, changes in the responsiveness of tonically active neurons (TANs) located at the boundary between striosomes and matrix could selectively alter behaviors keyed to specific environmental perturbations. Dopaminergic projection neurons from the pars compacta of the substania nigra appear to tune this system to respond selectively to certain internal somatosensory or external perceptual cues.
commonly referred to by their successive processing MSP neurons are recorded simultaneously, have begun to clarify the role of the striatum and related brain circomponents and are therefore called "cortical-striatalthalamo-cortical" (CSTC) circuits. CSTC circuits are cuits in the learning and production of habitual or "automatic" behavioral responses. Recently, Graybiel and composed of multiple, partially overlapping, but largely "parallel" circuits that direct information from the cerecolleagues have recorded from ensembles of electrodes in the sensorimotor areas of rat striatum during cued bral cortex to the subcortex and then back again to specific regions of the cortex, thereby forming multiple learning tasks. Their results demonstrated large-scale changes in recruitment and firing patterns of these neucortical-subcortical loops. Although multiple anatomically and functionally related cortical regions provide rons (Jog et al., 1999). Of special interest was the tendency of the number of units firing at the start and input into a particular circuit, each circuit in turn refocuses its projections back onto only a discrete subset of end of goal-directed activity to increase asymptotically during successive stages of learning. the cortical regions initially contributing to that circuit's input. Within the basal ganglia and thalamus, each of Animal studies have also indicated that the balance of activity of MSP neurons located in the striosomes the circuits appears to be microscopically segregated from others that course through the same macroscopic versus the matrix of the striatum may crucially determine an individual's vulnerability to dopamine-mediated stestructure-hence the conceptualization of these overlapping pathways as being "parallel." reotypies ( Figure 1 ; Canales and Graybiel, 2000). These stereotypies include a range of repetitive tic-like head Although the number of anatomically and functionally discrete pathways is still the subject of controversy, the and paw movements, as well as repetitive sniffing. If habits are coordinated ensembles of thought and current consensus holds that CSTC circuitry has at least three components-those initiating from and projecting action, then conceptually tics or stereotypies may be best seen as those prewired bits of behavior that are back to sensorimotor, orbitofrontal, or association cortices. Other functional components of CSTC circuitry available to be assembled into habits. Like habits, tic action sequences often arise from a heightened and likely exist and probably include those traditionally associated with the limbic system. selective sensitivity to environmental cues from within the body or from the outside world. These perceptual Based largely on work performed in Graybiel's laboratory, it appears that the response of particular medium cues include faint premonitory feelings or urges that are relieved with the performance of tics and a need to spiny projection (MSP) neurons in the striatum is frequently dependent upon a selective set of perceptual perform tics or compulsions until they are felt to be "just right." Although the neural mechanisms that conspire cues and environmental conditions, suggesting that the coordinated striatal response is acquired through learnto produce tics have yet to be elucidated, preliminary evidence suggests that they involve the same structures ing and experience. Inputs from ascending dopamine pathways originating in the substania nigra, pars comthat underlie habit formation. The basal ganglia and their open-ended neural loops and their cortico-cortical conpacta, play a crucial role in this learning process ( Figure  1; Aosaki et al., 1994) Finally, the past decade has seen the reemergence of an area of research that is examining the hypothesis enhance the temporal resolution of these studies. Work in progress suggests that it should be possible to monithat postinfectious autoimmune mechanisms contribute to the pathogenesis of some TS cases. Speculation contor individual tics as they occur in the magnet. These studies should permit investigators to begin to define cerning a postinfectious (or at least a postrheumatic fever) etiology for tic disorder symptoms dates from the the temporal sequence of activity within different portions of these cortical-subcortical loops. In this regard, late 1800s. It is well established that group A ␤ hemolytic streptococci (GABHS) can trigger immune-mediated it will be intriguing to study the involvement of the sup- likely that the research paradigms utilized in these studFurther, this model may provide a meaningful integraies and many of the empirical findings resulting from tion of knowledge about tics drawn from a number of them will be relevant to other disorders of childhood perspectives, including the stress responsiveness of onset and to our understanding of normal development. tics (limbic activation), the presence of premonitory sensory urges (as sensory motor and primary motor cortical
